ABSTRACT-Tryptic peptide maps of electrophoretically purified 94,000-molecular weight (relative) (M,) nuclear and membrane-associated simian virus 40 (SV40) T-antigens, TN and TM , respectively, were compared to those of the SV40-specific isoelectric point (pl)-4. 7 -94,000-M, plasma Mammalian cells neoplastically transformed by SV40 express virus-specific proteins on their surface membrane. These proteins are defined as TSTA or TSSA (/-5). Recent evidence indicates that TSTA and TSSA may represent identical antigens that are monitored by in vivo and in vitro test systems, respectively (6). The two antigens also exist in a close relationship with the 94,000-Mr SV40 T-antigen. This relationship is indicated by copurification of TSTA-TSSA and T-antigen during biochemical fractionation (4), similar subcellular distribution of the 2 groups of antigens (2, 7), and their concordant expression at permissive and nonpermissive temperatures in cells transformed by nondefective tsA mutants (8, 9) . Other data indicate that purified T-antigen can induce a TSTA response in vivo (/0), and this finding is concordant with recent findings that a 94,000-M r T-antigen, immunochemically indistinguishable from nuclear T -antigen, can be immunoprecipitated from membranes of SV40-transformed cells (7, 11, 12) . That SV40 T-antigen is expressed at the plasma membrane of SV 40-transformed cells is further suggested by studies in which rabbit immune serum against purified Tantigen reveals a specific indirect immunofluorescence reaction at the surface of SV40-transformed cells (/1, 13). In previous work we have identified and partially characterized two SV40-specific proteins in membranes of SV 40-transformed cells (/4-16). Using highly purified plasma membranes of SV 40-transformed GD248 hamster lymphoid cells 839 (/4, 15) and SV80 human fibroblasts (/5), we presented evidence that the SV40-specific pI-4.7-94,00-M r membrane glycoprotein of these cells represents a host-modified, glycosylated T-anti~en (/5, 16). We have now obtained tryptic peptide maps of 25I-labeled SV40 proteins showing that the SV40-specific pI-4.7-94,000-Mr glycoprotein exhibits a major tryptic peptide homology with the TN. This similar peptide homology exists when the TM or pI-4.7-94,000-M r protein is compared with TN. T M represents maximally 1% of the total cellular T-antigen. Like the 94,000-M r intracellular T-antigen (/2, 17-19), TM is associated with a 55,000-M, host cell protein. This protein does not react with anti-T serum and, on the basis of tryptic peptide analyses, does not share peptides with . '-methylenebisacrylamide, N,N,N' ,N'-tetramethylethylenediamine, ammonium persulfate, and Coomassie brilliant blue were from Bio-Rad Laboratories (Richmond, Calif.); and ampholytes (Ampholine, pH 3.5-10.0) were from LKB In-ABBREVIATIONS USED: BSA=bovine serum albumin; DMEM=Dulbecco's modified Eagle's minimum essential medium; DTT=dithiothreitol; EMEM=Eagle's minimum essential medium; FCS=fetal calf serum; HEPES=4-(2-hydroxyethyl)-I-piperazine ethanesulfonic acid; IEF=iso-electric focusing; M,=molecular weight (relative); PAGE=polyacryl-amide gel electrophoresis; pI=isoelectric point; PMSF=phenylmeth-ylsulfonyl fluoride; SDS=sodium dodecyl sulfate; SV40=simian virus 40; T M=membrane-associated 94,000-M, T-antigen; T N=nuclear 94,000-M, Tantigen; TPCK=L-I-tosylamide-2-phenylethyl chloromethyl ketone; TSSA=tumor-specific surface antigen; TSTA=tumor-specific transplantation antigen.
Mammalian cells neoplastically transformed by SV40 express virus-specific proteins on their surface membrane. These proteins are defined as TSTA or TSSA (/-5). Recent evidence indicates that TSTA and TSSA may represent identical antigens that are monitored by in vivo and in vitro test systems, respectively (6). The two antigens also exist in a close relationship with the 94,000-Mr SV40 T-antigen. This relationship is indicated by copurification of TSTA-TSSA and T-antigen during biochemical fractionation (4), similar subcellular distribution of the 2 groups of antigens (2, 7) , and their concordant expression at permissive and nonpermissive temperatures in cells transformed by nondefective tsA mutants (8, 9) . Other data indicate that purified T-antigen can induce a TSTA response in vivo (/0), and this finding is concordant with recent findings that a 94,000-M r T-antigen, immunochemically indistinguishable from nuclear T -antigen, can be immunoprecipitated from membranes of SV40-transformed cells (7, 11, 12) . That SV40 T-antigen is expressed at the plasma membrane of SV 40-transformed cells is further suggested by studies in which rabbit immune serum against purified Tantigen reveals a specific indirect immunofluorescence reaction at the surface of SV40-transformed cells (/1, 13) . In previous work we have identified and partially characterized two SV40-specific proteins in membranes of SV 40-transformed cells (/4-16) . Using highly purified plasma membranes of SV 40-transformed GD248 hamster lymphoid cells 839 (/4, 15) and SV80 human fibroblasts (/5), we presented evidence that the SV40-specific pI-4.7-94,00-M r membrane glycoprotein of these cells represents a host-modified, glycosylated T-anti~en (/5, 16). We have now obtained tryptic peptide maps of 25I-labeled SV40 proteins showing that the SV40-specific pI-4.7-94,000-Mr glycoprotein exhibits a major tryptic peptide homology with the TN. This similar peptide homology exists when the TM or pI-4.7-94,000-M r protein is compared with TN. T M represents maximally 1% of the total cellular T-antigen. Like the 94,000-M r intracellular T-antigen (/2, [17] [18] [19] , TM is associated with a 55,000-M, host cell protein. This protein does not react with anti-T serum and, on the basis of tryptic peptide analyses, does not share peptides with TN or T M (20) (21) (22) . Cells. -SV40-transformed human fibroblasts, SV80 cells, were grown in DMEM containing 10% FCS and were metabolically labeled during the logarithmic growth phase (23) . Cultures of SV80 cells were grown to sub confluence in 850-cm 2 roller bottles (Corning Glass Works, Corning, N.Y.), starved in methionine-deficient EMEM containing 10% dialyzed FCS, and metabolically labeled with the use of 5 ml of the same medium containing [ 35S]methionine (0.2 mCi/ ml). The initial labeling was for 5 hours and was continued overnight after addition of 15 ml EMEM-lO% FCS. Metabolic labeling with C 4 C]glucosa m ine at a concentration of 0.2 mCijml was in EMEM-lO% dialyzed FCS. After a 2-hour pulse the cultures were chased with 2 mM unlabeled glucosamine for 4 hours. After labeling, the cells were detached from the culture flasks with the use of phosphatebuffered saline (0.13 M NaCl-O.02 M Na phosphate; pH 7.2) containing 5 X 10-4 M EDTA.
MATERIALS AND METHODS

Chemicals
SV40-transformed hamster skin fibroblasts [SK, line B (24)] were cultivated in EMEM fortified with 10% heatinactivated FCS. At confluence, the cells were harvested by trypsinization and washed twice in EMEM free of serum. For tumor production, about 10 6 SK cells, suspended in 0.2 ml of EMEM without FCS, were injected im into the hind legs of 6-to 8-week-old outbred Syrian golden hamsters.
Membranes, nuclei.-SV80 cells were disrupted by nitrogen decompression (25) . Nuclei were collected at 1.5X 10 4 g/ minute, washed twice in 0.065 M NaCI, 0.075 M KCI, 0.02 M HEPES, and 0.005 M MgCb (pH 6.5) prior to extraction with 1% Triton X-lOO. Plasma membranes were isolated as small vesicles (25, 26) .
Solubilization.-Prior to fractionation by bidimensional IEF-SDS-PAGE, purified membranes were solubilized in HEPES-Triton X-lOO (0.001 M/1%, vol/vol), pH 8.5 (27, 28) , and assayed for protein with the use of BSA as a standard (29) . SV40 T -antigen was extracted from nuclei and plasma membrane purified from nuclear and membrane-associated debris was removed at 4XlO 5 g/minute (23) . Antisera-Sera from SK (line B) sarcoma-bearing hamsters were obtained at the time of highest T-antigen reactivity, i.e., 5-7 weeks after im inoculation of 10 6 cells per site (24) . At this time, the tumors were at least 0.5 cm in diameter. The T-antigen-reactive sera (anti-T-sera) were tested by indirect immunofluorescence by means of serial dilutions up to 512-fold. Sera positive at this titer were used for immunoprecipitation of membrane antigens. As controls, pooled sera from normal hamsters were used. Preabsorption of antigen was with normal sheep serum (23) .
Isolation of SV40 transformation-associated proteins.-The 94,000-Mr SV40 T-antigen was precipitated from Triton X-100-solubilized plasma membranes and nuclei, both isolated from [ 35S]methionine-labeled SV80 cells. For this procedure, solubilized plasma membranes and nuclei were adjusted to a protein concentration of 1 mg and 3 mg/ml, respectively, with the use of 0.137 M NaCl, 0.02 M Tris-HCl, 0.001 M CaCh, and 0.001 MMgCh (pH 9.0),1% (vol/vol) in Triton X-lOO and 0.002 Min PMSF. The antigen (1 ml each) was preincubated with 0.01 ml of normal sheep serum and 0.08 ml of 50% (vol/vol) protein A-Sepharose immune adsorbent. Specific immunoprecipitation was then performed after addition of 0.01 ml ofantigen-T-serum (and normal hamster serum as control) and 0.08 ml protein A-Sepharose at 4°C for 60 minutes (23) . The protein A-Sepharose beads were washed three times in 0.5 ml of 0.1 MTris-HCI, 0.5 MLiCl, and 0.14 M fJ-mercaptoethanol (pH 9.0) for removal of nonspecifically adsorbed protein. Specifically bound proteins were released by incubation in 0.05 ml of 0.02 M Tris-HCI and 0.7 M fJ-mercaptoethanol (pH 9.0), 5 and 20% (vol/vol), respectively, in SDS and glycerol at 80°C for 30 minutes.
After SDS-PAGE fractionation of immunoprecipitated SV40 TM and TN (31), the antigens were identified by 35S autoradiography of dried gels. Bidimensional IEF-SDS-PAGE was as in (15, 16) . The pI-4.7-94,000-M r membrane component was isolated after protein staining of the slab gels with Coomassie blue (31) . For peptide mapping the immunoprecipitated 55,000-Mr protein was used. The 94,000-and 55,000-Mr membrane proteins specifically bound to protein A-Sepharose were desorbed from the beads and separated from heavy-and light-chain immunoglobulins by means of IEF (32) . The [ 35S]methionine-Iabeled 94,000-and 55,000-Mr components focusing near pI 4.5 were isolated from the IEF gel, subfractionated by DS-PAGE, and identified by 35S autoradiography. Gels run in parallel were stained with Coomassie blue to assure quantitative separation of immunoglobulin and the SV40 membrane proteins.
The reactivity of the pI-4.7-94,000-Mr and pI-4.5-55,OOO-M r components with anti-T-sera was investigated by an electrophoretic blotting procedure (33) . After IEF-DS-PAGE, plasma membrane proteins from SV80 cells, focusing between the pI-5.5 and pI-4.0 regions, were electrophoretically transferred from the slab gel onto nitrocellulose sheets. These were soaked in NaCl-BSA (0.15 M/3%, wt/ vol) and reacted with hamster anti-T-serum (0.02 ml/ml of NaCI-BSA-0.001 M NaN s) for 16 hours at 20°C. The nitrocellulose sheets were then soaked in NaCI (0.15 M) as in (33) for removal of unbound serum proteins. Specifically bound hamster immunoglobulin was identified by equilibration with 1251-labeled protein A (5XI0 7 cpm/mg protein) for 6 hours at 20°C followed by autoradiography.
125/ labeling of SV40-specific proteins.-The chloramine-T technique (34) was used to achieve iodination of TN and SV40 membrane proteins to specific activities of about 10 8 cpm/mg protein. TN, TM, the pl-4.7-94,000-M r protein, and the pl-4.5-55,000-Mr protein were localized by [ 35S]methionine autoradiography and then iodinated in polyacrylamide gel pieces according to the procedure of Elder et al. (35) . The protein-containing gel pieces were lyophilized in siliconized test tubes and rehydrated in about 0.05 ml of 0.5 M sodium phosphate (pH 8.5). After an additional 0.02 ml of chloramine-T (1 mg/ml in H 20) and 0.3 mCi of Na 1251 in 0.005 ml, iodination was allowed to proceed for 30 minutes at 20°C. The reaction was then quenched by addition of 0.02 ml sodium bisulfate (1 mg/ml in H 20). Unreacted 125 1 was removed by extensive dialysis against methanol (10%, vol/vol).
To identif~the peptide moieties ofTMexposed at the cell surface, we 1 51 labeled sealed plasma membrane vesicles by using lactoperoxidase-catalyzed radioiodination (36) . In control experiments, plasma membranes were solubilized in Triton X-IOO (1%, vol/vol) and subjected to the same iodination procedure. Immunoprecipitation and electrophoretic isolation of 1251_labeled TM were as for metabolically labeled proteins, except that the chloramine-T-mediated iodination prior to tryptic peptide mapping was omitted.
Trypsin treatment of SV40-specific proteins.-For cleavage with TPCK-trypsin, dried gel pieces containing 1251-labeled SV40-specific proteins were hydrated with 0.02-0.05 ml of 0.05 M NH4HC03; so TPCK-trypsin (0.5 mg/ml) was then added in the volume of 0.05 M NH4HC03 required for complete hydration of the gel piece. Trypsinization was for 40 hours at 37°C with a second addition of 0.05 mg TPCKtrypsin after 16 hours. To assure that only peptides of the SV40 proteins were detected, we performed several control experiments under identical conditions: a) TPCK-trypsin was incubated alone in the presence of 125 1 (2X 10 6 cpm); b) [ 1251]BSA, a protein completely unrelated to T-antigen, was subjected to cleavage by TPCK-trypsin, and c) a gel piece corresponding to the 94,000-Mr region, obtained from a sample precipitated with normal hamster serum, was trypsinized. The supernatant containing TPCK-trypsin and 1251_labeled peptides was lyophilized, and the residue was solubilized in acetic acid-formic acid (15%/5%, vol/vol) for peptide mapping by electrophoresis and chromatography on cellulose thin-layer plates (35) .
Peptide mapping-Bidimensional thin-layer peptide mapping was used to define the positions of peptides-glycopeptides in a two-dimensional grid (35) . In addition, the "grouping" of peptides and the relative intensities of the peptide spots were evaluated. Finally, we investigated the identities of peptides from TN and TM and the pl-4.7-94,000-Mr component by mixing peptides of Tx, with TN, or the pl-4.7-94,000-M r component, or all three proteins prior to bidimensional thin-layer electrophoresis and chromatography.
Membrane-Associated SV40 T-Antigen 841
About 5X 10 5 cpm 1251_labeled or 10 4 cpm [14C]glucosamine-labeled peptides were applied to a lOX l O-cm thinlayer chromatography plate near the cathode. The plate was then moistened with acetic acid-formic acid (15%/5%, vol/vol) and a dye mixture of Orange G-acid fuchsin (2%/ 1%, wt/vol) spotted near the anode. Electrophoresis in the first dimension, at 1,000 V, was terminated when the dye had reached the sample spot. The plates were dried under cold air. Chromatography in butanol-pyridine-acetic acidwater (32.5/25/5/20, vol/vol) was at right angles to the first dimension. After drying, the peptide maps were obtained by autoradiography on Kodak no-screen X-ray film.
To prove the identity of peptides derived from TN, TM, and the pl-4.7-94,000-M r protein, we localized individual peptides by using 125 1 autoradiography. The peptides were scraped off the cellulose thin-layer plates and eluted by acetic acid-formic acid-water (15%/5%/80%, vol/vol). In all reelectrophoresis-rechromatography experiments, identical amounts, as determined by 125 1 cpm, of peptides from the three SV 40 proteins were rerun on thin-layer plates.
RESULTS
SV40-specific membrane proteins.-The present data were obtained with the use of SV80 cells that produce large quantities of SV40 T-antigen (23) . As shown in figure lA, plasma membranes of SV80 cells, purified and freed of nuclear contaminants according to the procedure described for G0248 hamster lymphoid cells and other SV40-transformed fibroblasts (16, 25) , contain two membrane proteins characteristic for SV40-transformed cells-the pl-4.7-94,000-Mr and pl-4.5-55,000-Mr components. These proteins correspond to entities identified by us in plasma membranes of other SV40-transformed cells (14, 16, 37) . Of SOS-denatured components, only the pl-4.7-94,000-Mr protein reacts with anti-T-serum after transfer from polyacrylamide to nitrocellulose ( fig. IB) .
When Triton X-IOO-solubilized membrane proteins of SV80 cells are reacted with anti-T-serum, a 94,000-Mr protein and a 55,000-M r protein are specifically precipitated ( fig. 2) . No proteins of this molecular mass are deposited when normal serum is used for precipitation of membraneassociated antigens ( fig. 2) . We have previously shown that the 94,000-M r protein isolated by SOS-PAGE focuses between pI 5.5 and 4.5, with a major protein peak at pI 4.7 (16) . Our data indicate that the 94,000-M r TM is associated with the 55,000-M r component as has been reported for the total cellular T -antigen (12, 17, 18, 20, 22, (38) (39) (40) . Whereas with the TN a prominent 55,000-M r component is deposited, this protein reproducibly precipitates to a lesser amount when plasma membranes are reacted with anti-T-serum. However, the 55,000-Mr protein per se does not react with anti-T-antibodies (39, 41) . In agreement with others' results (12), the anti-T-serum does not precipitate possible 20,000-M, T-antigen from plasma membranes.
Tryptic peptides of the SV40-specific membrane proteins. -Figures 3A-3F compare the tryptic peptide maps of T -antigen isolated by immunoprecipitation from purified plasma membranes, T M, and from isolated nuclei, TN, with those of the SV40-specific, pl-4.7-94,000-Mr plasma membrane protein.
The sensitivity of bidimensional thin-layer peptide mapping of 1251_labeled peptides is sufficient for the resolution of at least 27 TN peptides (figs. 3A, 3D). This peptide resolution appears to be superior to [ 35S]methionine ion-exchange peptide mapping, which yielded maximally 19 peptides for the 94,000-MrT-antigen (21) . None of the 1251-labeled peptides are contributed by trypsin itself, because no peptides were revealed when trypsin was incubated in the presence of free 1251. Further, there was no peptide homology between 125 1_ labeled BSA and 1251-labeled TN, both digested with identical quantities of TPCK-trypsin; no peptides could be identified when gel pieces of the 94,000-M r and 55,000-Mr regions were processed from gels in which material, precipitated with normal hamster serum, was fractionated.
The figure 5A , a mixture of peptides, three from T M and the pl-4.7-94,000-M r component comigrate as essentially one spot. Peptide 3 of TN moves with a lower electrophoretic mobility ( fig. 5B) , which results in a lower intensity peptide from TN and the more intense spot due to comigration of peptide 3 from TM and the pl-4.7-94,000-Mr component. Due to some heterogeneity, peptides 7 of TM and TN migrate as two distinct spots. Peptide 16 ( fig. 5F ) migrates as three spots, indicating that this protein moiety may be different in TN, TM, and the pl-4.7-94,OOO-Mr component. Peptides 8 and 9 (figs. 5D, 5E) are identical in TN and T M.
Exposure of TM at the membrane surface.-The peptide maps of the 94,000-Mr TM, subjected to vectorial lactoperoxidasecatalyzed radioiodination (36) , are shown in figure 6. Selective iodination of peptides 3, 7,8,9, and possibly 16 indicates that only these portions of T M are exposed at the surface of the plasma membrane and accessible to lactoperoxidasecatalyzed radioiodination. Peptides 3 and 7 are characteristic for T M. A peptide pattern closely resembling that of TM ( fig. 3B ) is obtained when TM is isolated from plasma membranes that have been iodinated in the presence of 1% Triton X-IOO.
Glycosylation of TM.-TM isolated from SV80 cells pulse labeled with [14C]glucosamine and subjected to tryptic peptide mapping reveals five peptides that selectively incorporate this sugar. The most prominent labeling occurs in peptide 7 ( fig. 7 ). Peptides 9, 13, and 15 are weakly labeled. The different mobility of the prominent peptide 7 from TN and TM is at least in part due to glycosylation of this portion of T M. These data indicate that some of the differences between TN and TM are due to posttranslational glycosylation of the membrane-associated SV40 T-antigen and suggest that peptide 7M represents a glycosylated polypeptide moiety. The persistence of a low-intensity peptide in the area of 7N of TM may indicate microheterogeneity in the carbohydate residues or glycosylation of only a part of T M.
TM-associated 55,OOO-Mr membrane protein.
-The peptide maps of TN, TM, and the pl-4.7-94,000-Mr protein reveal no apparent homology with that of the pl-4.5-55,000-Mr protein ( fig. 8 ). Our data are in agreement with findings by others indicating that the 55,OOO-Mr protein represents a protein associated with T-antigen but encoded for by the host cell genome (42, 43) .
DISCUSSION
Tryptic peptide mapping of the SV40 94,000-Mr T -antigen associated with the nucleus TN, surface membrane TM, and the pI 4.7-94,000-Mr membrane component, all labeled with 125 1, revealed at least 27 1251-labeled peptides for TN and a similar number for the membrane protein. Significant peptide homology was observed between TN and T M or the pl-4.7-94,000-Mr protein and an apparently higher homology was observed between the two latter proteins. This analysis and our immunochemical analyses indicate that the pl-4.7-94,000-Mr glycoprotein (14) represents the membrane-associated T-antigen TM. The glycosylation of TM might easily be missed, unless purified plasma membranes are investigated, because T M represents less than 1% of the total cellular T -antigen.
At least three major peptides, peptides 3, 7, and 16 (figs. 3,4,5), occupy different positions in peptide maps of TN or T M. The differences in peptides 3 and 16 could mean that the two proteins differ in their primary protein structure. Such a possibility is suggested by data of Mark and Berg (44) according to which a third splice site in the early messenger RNA would result in synthesis of a 94,000-Mr Tantigen with a more hydrophobic region near its carboxy terminus. Such a protein might qualify as a protein with high membrane affinity.
Posttranslational modification of T M is indicated by our finding that T Mrepresents a glycosylated TN. Data of others (7) and our own unpublished data indicate that T M is also phosphorylated. It remains to be shown, however, whether the phosphate residue(s) in TM are bound to the same residues as in TN (45) . A combination of translational and posttranslational modifications is conceivable.
Changes in the immunologic reactivity of the pI-4.7-94,000-M r component after trypsin and neuraminidase treatment of intact isolated membranes from GD248 cells (14) and surface iodination of plasma membranes of SV80 cells indicate that portions of the T M are exposed at the membrane surface. Serologic analyses by Soule et al. (11) have led to similar conclusions. Using immunofluorescence analyses and radioimmunoassays with sera against denatured isolated total cellular T-antigen, sera of tumor-bearing animals and surface-reactive anti-T'-sera (all sera precipitated a 96,OOO-M r T-antigen), these workers found differential reactivities of the membrane-associated T-antigen and the nuclear T-antigen. Soule et al. (11) concluded that membrane-bound T-antigen expresses antigenic sites absent on TM or that, due to the conformation ofT-antigen in the nucleus, certain antigenic sites are masked (11) . The data on antigenicity and immunogenicity of T M fit our own findings, which indicate that the heterologous guinea pig anti-GD248 membrane sera recognize neuraminidase-sensitive antigenic sites on the T M molecule and that these sites are distinct from sites that react with anti-T -serum (16) . Conversely, the anti-GD248 membrane serum does not react with TN antigen (14) .
The peptide homologies between TN and T Mare in accord with previous data showing biochemical and immunologic similarities between TN and the surface membrane-associated SV40 protein(s) described as TSTA-TSSA (1-6). However, the full relationship between TSTA and/or TSSA and T M cannot yet be established, because there is another group of proteins that appear to be associated with SV40-induced transformation but not encoded by the SV 40 genome. This group represents the 53,000-to 56,000-Mr phosphorylation proteins [e.g., (19, 46) ] that do not react with anti-T-immunoglobulin intrinsically but can be immunogenic in some hosts bearing SV40-induced tumors (41) . While our peptide analyses suggest, in agreement with data of others (39, 40) , that this protein represents a host cell protein, data from other groups (20, 22) seem to indicate that this category of proteins exhibits partial peptide homology with SV40 T-antigen. A functional relationship between T M and the 55,000-M r protein is suggested because the two proteins are associated in the plasma membrane and the intracellular space (12, 17, 18, 20-22, 38-40, 42) and because they selectively associated in vitro (19) . 
